Abstract Aldehyde oxidases (AOXs) are a family of metabolic enzymes that oxidize aldehydes into carboxylic acids; therefore, they play critical roles in detoxification and degradation of chemicals. By using transcriptomic and genomic approaches, we successfully identified six putative AOX genes (HarmAOX1-6) from cotton bollworm, Helicoverpa armigera (Hübner) (Lepidoptera: Noctuidae). In silico expression profile, reverse transcription (RT)-PCR, and quantitative PCR (qPCR) analyses showed that HarmAOX1 is highly expressed in adult antennae, tarsi, and larval mouthparts, so they may play an important role in degrading plant-derived compounds. HarmAOX2 is highly and specifically expressed in adult antennae, suggesting a candidate pheromonedegrading enzyme (PDE) to inactivate the sex pheromone components (Z)-11-hexadecenal and (Z)-9-hexadecenal. RNA sequencing data further demonstrated that a number of host plants they feed on could significantly upregulate the expression levels of HarmAOX1 in larvae. This study improves our understanding of insect aldehyde oxidases and insect-plant interactions.
Introduction
Insect behaviors such as mating, host-seeking, and oviposition are primarily regulated by their chemosensory systems. Chemical compounds from the environment are recognized by chemosensory sensilla distributed throughout the insect body, particularly on the chemosensory tissues such as antennae, mouthparts, tarsi, palps, and ovipositors (van der Goes van Naters and Carlson 2006). Chemosensory receptors including olfactory receptors (ORs), ionotropic receptors (IRs), and gustatory receptors (GRs) are localized on the dendrites inside the chemosensory sensilla as an interface between insects and their environment (van der Goes van Naters and Carlson 2006). When hydrophobic and volatile compounds from the environment pass through the pores on the chemosensory sensillum cuticle, and reach the aqueous sensillum lymph, their lack of solubility prevents them from reaching the membrane-bound receptors on the dendrite (Leal 2013) . Odorant binding proteins (OBPs) or chemosensory proteins (CSPs) selectively and specifically bind these ligands, help solubilize them, and deliver these molecules to the receptors (Leal 2013) . After being detected by the receptors, these semiochemical signals will be transmitted to insect brains to guide insect behaviors. Finally, degrading enzymes will inactivate these semiochemical signals and clean the receptors for subsequent actions (Leal 2013) . This signal inactivation step is critical in insect odorant-mediated behaviors such as following pheromones, flying to mating partners, and seeking food sources and oviposition sites. During all these processes, insects have to reset their chemosensory systems on a millisecond timescale to obtain a precise spatial and temporal resolution.
A number of odorant-degrading enzymes (ODEs) or pheromone-degrading enzymes (PDEs) have been characterized, including families of esterase, aldehyde oxidases (AOXs), and cytochrome P450 enzymes (Leal 2013) . The first insect PDE was identified from the silkmoth Antheraea polyphemus (Vogt and Riddiford 1981) . It is a sensillumspecific carboxylesterase named as ApolPDE and responsible for rapid degradation of sex pheromone, trans-6, cis-11-hexadecenyl acetate (E6Z11-16: Ac) (Ishida and Leal 2005) . ApolPDE starts expression in the pheromone-detecting sensilla from the late pupal developmental stage and peaks at day 2 of the adult stage (Ishida and Leal 2005) . Similarly, a male antennae-specific esterase was identified from Japanese beetle (Popillia japonica), which was named PjapPDE and can quickly inactivate the sex pheromone (R, Z)-5-(-)-(1-decenyl)oxacyclopentan-2-one (R-japonilure) (Ishida and Leal 2008) . PjapPDE degradation preference towards sex pheromone, R-japonilure, is higher than the behavioral antagonist, S-japonilure (Ishida and Leal 2008 ). An esterase overexpressed in male antennae of Spodoptera littoralis (SlCXE7) showed that it may play dual roles in pheromone inactivation as well as degrading odorant background noise (Durand et al. 2011) . Later, an esterase gene from Spodoptera exigua was cloned and named SexiCXE10, which showed high activity specifically to plant esters with seven to ten carbon atoms but no activity to either sex pheromone or plant volatiles with more carbon atoms (He et al. 2015) . In the palebrown chafer, Phyllopertha diversa, pheromone-specific olfactory receptor neurons in male antennae can be completely desensitized by direct application of metyrapone into the sensillar lymph, suggesting that a cytochrome P450 can function as a pheromone-degrading enzyme (Maibeche-Coisne et al. 2004 ). The first pheromone-degrading AOX was studied from the Manduca sexta (Rybczynski et al. 1989) . Later studies showed enzymatic degradation of E10, Z12-hexadecadien-1-ol (Bombykol) and E10, Z12-hexadecadien-1-al (Bombykal) by antennal extracts from A. polyphemus and Bombyx mori (Kasang et al. 1988 (Kasang et al. , 1989 Rybczynski et al. 1990 ). The first insect antennal AOX was cloned from the cabbage armyworm, Mamestra brassicae (Merlin et al. 2005) . Later, two antennal-expressed AOX genes were identified from B. mori and named BmorAOX1 and BmAOX2 (Pelletier et al. 2007 ). BmorAOX2 appeared to be selectively expressed in the antennae and associated with the long olfactory sensilla that respond to the pheromone component Bombykal (Pelletier et al. 2007 ). BmorAOX1 may be expressed in other short trichoid and basiconic sensilla on the antennae (Pelletier et al. 2007) . Recently, one antennaespecific AOX gene (AtraAOX2) was cloned from navel orangeworm, Amyelois transitella, and expressed in insect cells by using baculovirus system. The enzyme activity studies showed AtraAOX2 might inactivate aldehydes from sex pheromone, plant-derived compounds, and oviposition sites (Choo et al. 2013) .
The cotton bollworm, Helicoverpa armigera (Lepidoptera: Noctuidae), is one of the most destructive pest species in the world. It is also one of the most polyphagous pest species and its larvae can feed on over 200 different plants including important agricultural crops like cotton, tobacco, pigeon pea, and corn. H. armigera use (Z)-11-hexadecenal (Z11-16: Ald) as its major sex pheromone component and (Z)-9-hexadecenal (Z9-16: Ald) as a minor component (Wang et al. 2005; Wu et al. 2013) ; therefore, the ability to degrade these aldehydes is a strong indicator of a candidate PDE. In a previous research, an aldehyde reductase from H. armigera was hypothesized as PDE, but later studies excluded this possibility (Guo et al. 2014) . Therefore, an antennae-specific AOX may be the PDE candidate in H. armigera, which is our research interest in this study. In addition, plant-derived aldehydes can be actively electrophilic, extremely reactive, and relatively longlived compounds. They may be toxic to insects, impair insect cellular homeostasis, and cause cell death (Singh et al. 2013) , so herbivore insects need to develop various strategies to overcome these aldehydes, in which AOXs can play a pivotal role in detoxification.
In our previous studies, we carried out genome and transcriptome sequencing of H. armigera, Helicoverpa zea (Liu et al. 2014; Xu et al. 2016; Pearce et al. 2017) , and Helicoverpa assulta (Xu et al. 2015) . Here, we analyzed these sequencing data and performed gene identification, cloning, phylogenetic, gene structural, RT-PCR, qPCR, and in silico expression profiles of candidate AOX genes in H. armigera. Our results suggest HarmAOX2 is the candidate PDE to degrade sex pheromone while AOX1 may play a role in plant aldehyde degradation.
Materials and methods
Insect rearing, tissue collection, and RNA purification H. armigera pupae were kindly provided by Professor Myron Zalucki of the University of Queensland (Perkins et al. 2013) , which were reared at 26°C and 70% humidity to obtain male and female adults. Ten male antennae, 10 female antennae, 20 male tarsi, 20 female tarsi, 2 male abdomen, and 2 female abdomen were collected from adult aged 1-3 days. After collection, all tissues were immediately kept in RNAlater (Invitrogen, USA) and total RNA was purified using Qiagen RNeasy mini kit (Qiagen, USA) according to the manufacturer's protocol. The purified RNA samples were quantified and qualified using NanoDrop ND-2000 (Thermo Scientific, USA) and stored at −80°C.
H. armigera AOX gene sequence annotation, alignment, and phylogenetic analysis Sequences encoding AOX genes were identified from the contigs of the H. armigera, H. zea, and H. assulta genome and transcriptome assemblies (Liu et al. 2014; Xu et al. 2015 Xu et al. , 2016 Pearce et al. 2017) , using TBLASTN searches with known B. mori AOX sequences. Identified AOX gene sequences were used for phylogenetic analysis (Fig. 1) by MEGA 6.0 (Tamura et al. 2011 ) with other insect AOX and Xanthine dehydrogenase (XDH) genes identified from B. mori, A. transitella, Sesamia inferens, Ostrinia furnacalis, Cydia pomonella, Plutella xylostella, Drosophila melanogaster, Anopheles gambiae, Aedes aegypti, Culex quinquefasciatus, Tribolium castaneum, Danaus plexippus, Ceratitis capitata, Calliphora vicina, Megachile rotundata, and Apis florea (Table 1) . Firstly, the amino acid sequences of 48 insect AOXs and XDHs were aligned by using ClustalW with default settings (pairwise alignment, multiple alignment, BLOSUM Protein Weight Matrix, and 30% Delay Divergent Cutoff). Then, a maximum likelihood tree was constructed using the default settings based on Jones-Taylor-Thornton (JTT) Model with partial deletion and 70% Site Coverage Cutoff. The identified six H. armigera AOX amino acid sequences were aligned (Fig. 2 ) using multiple alignment program ClustalW (Cost matrix, BLOSUM) implemented in Geneious software 8.0.5 (http://www.geneious.com) (Kearse et al. 2012 ).
Gene expression profile
In a previous study, total RNA samples from antennae, mouthparts, epidermis, fat body, foreguts, midguts, hindguts, Malpighian tubules, hemocytes, hearts, trachea, ventral nerve, silk glands, salivary glands, and muscle of fifth instar larvae; male antennae, female antennae, male heads (with antennae), female heads (with antennae), male tarsi, female tarsi, male thorax, female thorax, male abdomen (with testes), female abdomen (with ovaries), male testes, and female ovaries from day 0 to day 5 adults; and embryo, third instar larvae (whole body), post-feeding stage larvae (whole body), and pupae were sequenced and used here for gene expression studies (Xu et al. 2016; Pearce et al. 2017) .
In silico expression profiles were generated using DEW (http://dew.sourceforge.net/), an automated pipeline that (1) used Bowtie2 (Xu et al. 2016) to align the reads of each library against a sequence file comprised of our assembly and the AOX genes, (2) post-processed the alignments with eXpress (Xu et al. 2015) to account for isoforms and paralogues, (3) performed Trimmed Mean Normalization using edger and The maximum likelihood phylogenetic analysis of insect AOX genes. The rooted phylogenetic tree was generated using AOX and XDH amino acid sequences from the Lepidoptera, Diptera, Coleoptera, and Hemiptera insect species including A. aegypti (Aaeg), A. transitella
S. inferens (Sinf), and T. castaneum (Tcas). Then, a tree was constructed using the default settings based on Jones-Taylor-Thornton (JTT) Model with partial deletion and 70% Site Coverage Cutoff estimated Fragments Per Kilobase Per Million reads (FPKM), (4) and visualized as described (Xu et al. 2016 ).
In the previously published H. armigera genome project (Pearce et al. 2017) , around ten H. armigera larvae from the lab colony (GR) without exposure to any previous diet were transferred to different host plants in triplicate within 24 h of hatching (Pearce et al. 2017) . All the plants were grown under the same conditions in the CSIRO glasshouses. The fourth-instar larvae raised on lab diet (n = 3) (larval RNA libraries Sd1-3, GenBank Biosamples 6608693-5) and different host plants including maize, Zea mays (n = 3) (larval RNA libraries M-3, GenBank Biosamples 6608687-9); cotton, Gossypium hirsutum (n = 3) (larval RNA libraries Ct1-3, GenBank Biosamples 6608702-4); Arabidopsis thaliana (n = 3) (larval RNA libraries AR1-3, GenBank Biosamples 6608666-8); green bean, Phaseolus vulgaris (n = 3) (larval RNA libraries GB1-3, GenBank Biosamples 6608675-7); tobacco, Nicotiana tobacum (n = 3) (larval RNA libraries Tb1-3, GenBank Biosamples 6608696-8); tomato, Lycopersicon esculentum (n = 3) (larval RNA libraries Tb1-3, GenBank Biosamples 6608696-8); and hot pepper, Capsicum frutescens (n = 3) (larval RNA libraries Hp1-3, GenBank Biosamples 6608678-80) were studied by using previously sequenced data (Pearce et al. 2017) . The estimated FPKM values were obtained using the same way as described above. The FPKM values of HarmAOX1-6 from larvae reared on diets and different plants were analyzed and graphed by using Microsoft Excel 2016. The mean FPKM values of expressing HarmAOXs are utilized and error bars indicate the standard error. Analysis of the statistical significance between each plant diet and lab diet was conducted using an ANOVA (single factor) with post hoc test by using Excel 2016.
RT-PCR and qPCR analysis
Gene-specific primers were designed (Table 2) for RT-PCR and qPCR analysis of HarmAOX genes. The cDNA templates were prepared using the SuperScript® VILO™ cDNA Synthesis Kit (Invitrogen, USA), according to the manufacturer's manual. RT-PCR were performed using gene-specific primers to study the expressions of AOX genes in adult antennae, tarsi, and abdomen (Table 2) (Xu et al. 2015) . The PCR program was as follows: 95°C for 3 min; 35 cycles at 95°C for 30 s, 60°C for 30 s, and 72°C for 120 s; and final extension at 72°C for 10 min. H. armigera actin gene-specific primers were used as control (Xu et al. 2012) . PCR products were then analyzed by electrophoresis, purified using QIAquick gel extraction reagents (Qiagen, USA), ligated into the pBluescript SKII (−) vector (Stratagene, USA), and transformed to competent Escherichia coli cells DH5α (Thermo Fisher, Australia). Then, three randomly selected colonies were picked and sequenced in Western Australia State Agricultural Biotechnology Centre (SABC, http://www.murdoch.edu.au/Researchcapabilities/SABC/Facilities/DNA-Sequencing/).
Quantitative PCR was performed using QuantiNova SYBR green premix (Qiagen) as per manufacturer's instructions and HarmRPL32 as the control gene (Table 2) . Ten-microliter reactions were assembled and qPCR was performed on Rotor-Gene Q (Qiagen). The qPCR cycling parameters were as follows: 95°C for 5 min, followed by 40 cycles of 95°C for 10 s, 60°C for 15 s, and 65 to 95°C in increments of 1.0°C for 5 s to showed high similarities to their orthologous genes in the other two Helicoverpa species (Fig. 1) .
Alignment, phylogenetic, and gene structure analysis Phylogenetic analysis was performed by using AOXs and XDHs reported from various Lepidopteran, Dipteran, Hymenopteran, and Coleopteran insect species (Fig. 1) . Insect AOX and XDH genes were separated into two clades on the phylogenetic tree (Fig. 1) . Insect AOXs were distributed in a family-specific way, for example, seven AOXs from Drosophila and mosquitoes formed a Dipteran-specific branch while 30 AOXs of moths and butterflies formed a Lepidopteran-specific branch. Interestingly, T. castaneum, A. florea, and Anoplophora glabripennis AOXs were clustered together and formed a Coleopteran/Hymenoptera mixed branch, which may be due to the limited numbers of AOXs identified from Coleopteran and Hymenopteran species until now. Lepidopteran-specific AOXs were further divided into (Fig. 2) . The results also showed that six HarmAOXs are conserved at certain amino acid residues, suggesting these residues may play important roles in enzyme activities. For example, the conserved cysteine residues in two [2Fe-2S] domains, which generally coordinate iron ions, function in sulfur donors and electron transferring (Merlin et al. 2005) . All six H. armigera AOX genes are clustered in ã 1,000,000-bp fragment on scaffold 38 (Fig. 3a) , suggesting they may evolve from the same ancestral gene. Similar results were also observed in H. zea and Drosophila AOX genes (Marelja et al. 2014) . HarmAOX1, 2, 3, and 4 showed opposite direction to HarmAOX5 and 6 (Fig. 3aa) . By comparing H. armigera AOX cDNA sequences and genome sequences, we found HarmAOX1-3, 5, and 6 genome DNA sequences contain 16 exons while HarmAOX4 contains 21 exons (Fig.  3b) .
Expression profile
To further characterize the potential functions of these candidate AOXs, we built a tissue expression profile of these identified H. armigera AOXs from the 31 transcriptomic libraries (Fig. 4a) . All six H. armigera AOX genes detected the expression in at least one library (Fig. 4a) . HarmAOX1 was detected widely in multiple tissues but exclusively adult tarsi and larval mouthparts, the major chemosensory tissues directly contacting the plants. HarmAOX2 was highly and specifically expressed in male and female adult antennae (Fig. 4a) , suggesting it is the potential H. armigera PDE or ODE to inactivate sex pheromone components and plant-derived aldehydes. Both HarmAOX3 and HarmAOX6 were highly detected from the larval silk glands. HarmAOX3 was also detected in adult antennae, thorax, and larval nerve while HarmAOX6 was specifically expressed in silk glands. HarmAOX4 showed broad expression in many tissues like larval salivary glands, Malpighian tubules, cuticle, foregut, midgut, trachea, adult antennae, thorax, tarsi, abdomen, and heads, with lower expression levels compared to other AOX genes. Its wide expression suggests it may play a general role in various tissues. HarmAOX5 showed high and specific expression in the pupae stage, suggesting it may be involved in the metamorphosis from pupae to adult in H. armigera development. Similarly, Drosophila AOX2 activity was detected only during metamorphosis too (Marelja et al. 2014 ). Further RT-PCR and qPCR analyses were performed to study the AOX expression at adult stages (Fig. 4b, c) . The results were consistent with the in silico expression analysis (Fig. 4a) . Neither HarmAOX5 nor HarmAOX6 were detected since they were mainly expressed in pupae stage or larval silk glands, which were not included in our test tissue samples. HarmAOX3 and 4 were detected broadly in all six tested tissues (Fig. 4b, c) . HarmAOX1 was detected in both adult antennae and tarsi while HarmAOX2 was only detected in adult antennae (Fig. 4b, c) . Furthermore, we compared the expression levels of six AOX genes in H. armigera fourth-instar larvae raised from artificial diet and seven host plants including Arabidopsis, green bean, tobacco, cotton, capsicum, maize, and tomato. The average FPKM values of AOX genes in larvae from RNA sequencing data are used in this analysis. First, we used ANOVA (single factor) to analyze the six HarmAOX gene expression from larvae raised on lab diets and different host plants. Only HarmAOX1 showed significant change (p < 0.05) while the other HarmAOXs did not. HarmAOX1 was highly detected from the chemosensory tissues like adult tarsi, antennae, larval mouthpart, and antennae, suggesting they may play roles in the plant compound detection. The results showed that comparing to lab diet, all plant increased HarmAOX1 expression levels (Fig. 5) but only the responses from green bean are not significantly high (p > 0.05).
Discussion
From H. zea, H. assulta, and H. armigera, 17 AOXs were identified and each of them shows high similarities to its orthologous genes in the other two Helicoverpa species (Fig.  1) . Interestingly, the ortholog of HarmAOX5 was not identified from H. assulta yet. H. assulta transcriptome data were obtained from male adult antennae, male adult tarsi, larval antennae, and larval mouthparts (Xu et al. 2015) , which may not include the tissues where AOX5 is expressed. H. zea, ANOVA with post hoc test was used to statistically analyze the differences between larvae raised from plants and artificial lab diet. *p < 0.05 Fig. 4 Expression profiles of H. armigera AOX1-6 genes. In silico H. armigera AOX1-6 expression in various tissues (a) including antennae, mouthparts, epidermis, fat body, foreguts, midgets, hindguts, Malpighian tubules, hemocytes, hearts, trachea, ventral nerve, silk glands, salivary glands, and muscle of fifth instar larvae; male antennae, female antennae, male heads, female heads, male tarsi, female tarsi, male thorax, female thorax, male abdomen, female abdomen, male testes, and female ovaries from day 0 to day 5 adults; and embryo, third instar larvae (whole body), post-feeding stage larvae (whole body), and pupae. The number in the box is the FPKM value (dark red, max. value; yellow, mid. value; and white, min. value). RT-PCR (b) and qPCR (c) analysis of ♂Ta, ♂Ab, ♀An, ♀Ta, and ♀Ab (b) . In RT-PCR analysis, actin gene was used as a control (Xu et al. 2012) , while in qPCR analysis, RPL32 was used as the reference gene. Relative AOX mRNA levels in six Helicoverpa tissues were normalized to the gene expression in male antennae as the control sample. Values were shown as means ± SEM H. assulta, and H. armigera are all serious Helicoverpa crop pests (Ming et al. 2007; Bentivenha et al. 2016) . H. assulta is a specialist herbivore moth with larvae that mainly feed on the plants of the Solanaceae, for example, tobacco and hot pepper. H. armigera and H. zea are both generalist herbivore and their larvae can feed on over 200 different plants. H. assulta, H. zea, and H. armigera use aldehydes such as (Z)-9-hexadecenal (Z9-16: Ald) and (Z)-11-hexadecenal (Z11-16: Ald) as their sex pheromone components but in different ratios (Wang et al. 2005; Wu et al. 2013 ). All these differences suggest there may be different strategies to inactivate their pheromone signals and plant aldehyde compounds. Both insect AOX and XDH proteins belong to molybdoflavoenzyme (MFE) family, which share several common structural features including an N-terminal domain containing two iron-sulfur (2Fe-2S) redox centers followed by a FADbinding domain and a C-terminal domain comprising the molybdenum cofactor (MoCo)-binding site within the substratebinding site (Fig. 2) (Pelletier et al. 2007) . XDH is a key enzyme for purine catabolism, while AOXs' function is much less defined yet. Although very similar on structures, insect AOXs and XDHs are separated in the phylogenetic tree ( Fig.  1 ), suggesting they have been diverged a long time ago.
Expression analysis showed that HarmAOX1 was exclusively highly expressed in adult tarsi and larvae mouthparts, the major gustatory tissues directly contacting the plants. Plant chemicals are mainly perceived by the insects through their contact chemoreceptors on the adult tarsi or the larval mouthparts. For example, our previous study showed a taste receptor specifically respond to proline, one plant stress-related amino acid, is specifically expressed in adult tarsi (Xu et al. 2016 ). In the fifth tarsomere of the prothoracic legs of female adult H. armigera, 14 gustatory trichoid chemosensilla were found and showed responses to amino acids and sugars (Zhang et al. 2010) . A recent study further showed that large amounts (0.5-1.5 μg) of aldehydes like hexadecanal and octadecanal are on the legs of male H. armigera and H. assulta, which were considered as potential courtship signals in heliothine moth (Choi et al. 2016) . Our results suggest HarmAOX1 may be involved in the oxidation process of these compounds and act as a tastant-degrading enzyme (TDE). HarmAOX1 was also detected in the adult and larvae antennae, suggesting they may also play a role in the olfactory system to inactivate olfactory signals. HarmAOX2 is highly and specifically expressed in male and female adult antennae (Fig. 4a) , suggesting they are the potential H. armigera PDE or ODE to inactivate sex pheromone aldehyde components and plant aldehydes. Insect antennae are their major olfactory tissues to detect sex pheromone and other olfactory semiochemicals, so the antennae specificity is a strong indicator for insect olfaction. HarmAOX2 also showed 67% identity to BmorAOX2 at amino acid level, which is a candidate PDE in silkworm for the sex pheromone component, Bombykal. In B. mori antennae, BmorAOX2 is expressed in pheromone-sensitive long sensilla trichodea (Pelletier et al. 2007) . A previous morphometric study on H. armigera antenna showed four styles of sensilla: styloconica, chaetica, coeloconica, and trichodea (Pearce et al. 2017) . A recent study further classified male H. armigera antennal sensilla types into A, B1, B2, C1, C2, and C3 based on their response profiles to odorants. Major sex pheromone receptor HarmOR13 is expressed in A type sensilla (Kearse et al. 2012) . These studies will help us further identify in which sensilla HarmAOX2 is expressed. Both HarmAOX3 and HarmAOX6 are highly detected from the larval silk gland. Lepidopteron silk glands become secretory prior to larval hatching from eggs. During larval stage, silk glands increase their secretory potential by growing in size and ploidy. It has been reported that AOX gene was detected high expression in the silk glands of cotton leaf roller Sylepta derogate during larval-pupal transition (Su et al. 2015) . The specific functions of AOXs in insect silk glands are not known yet.
For the first time, our study here showed the plants that insects feed on can regulate the AOX gene expression levels. Plant chemical composition can be a big challenge for herbivore insects. However, insects evolved a powerful strategy of enzymes that detoxify plant chemical toxicants and protect themselves. One of the strategies to overcome plant toxic compounds is the detoxification of plant defense chemicals by oxidation, reduction, hydrolysis, or conjugation of molecules. Therefore, it is very likely that the plants insect feed on can moderate the expression levels of AOX genes. Our study showed that HarmAOX1 expression was significantly increased by feeding on host plants. HarmAOX1 is mainly expressed in antennae and mouthparts at larval stage and both are the major contact tissues when caterpillar feed on host plants. The other HarmAOXs are either expressed in adult stages (HarmAOX2) or pupae stage (HarmAOX5), the tissues that do not directly contact plants (HarmAOX3 and 6) or too low (HarmAOX4). Another possibility is that the RNA sequencing study here was performed only on fourth-instar larval whole body, which does not allow us to go deep enough to access adult stages or specific larval tissues.
In summary, we utilized the Helicoverpa genome and transcriptome data and identified 17 AOX genes from H. armigera, H. zea, and H. assulta. We further characterized six H. armigera AOX genes at molecular level. The expression profile study suggests HarmAOX2 is the pheromonedegrading enzyme candidate for H. armigera. HarmAOX1 may play roles in plant compound signal inactivation. HarmAOX3 and 6 may play roles in silk glands for silk production. The expression levels of insect AOX genes can be regulated by the host plants they feed on.
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